Purpose: To compare the surface roughness and biaxial flexural strength of dental ceramics obtained after chairside surface modification by mechanical polishing procedures, versus laboratory reglazing. Materials and Methods: Discs (16 × 1.5 ± 1.6 mm) (N = 90) of various frameworkveneering combinations were fabricated: D/FC: lithium disilicate/feldspathic ceramic; Z/AL: zirconium dioxide/aluminous ceramic; N/FC: noble alloy/feldspathic ceramic; N/FF: noble alloy feldspathic with fluorapatite; B/FC: base alloy/feldspathic ceramic; B/FF: base alloy/feldspathic ceramic with fluorapatite. In each group 10 specimens were ground using a diamond bur (46 μm) and five were polished with siliconereinforced disc polishers (25 μm). Surface roughness (Ra) was measured using contact profilometry. After thermocycling in artificial saliva (6000 cycles, 5 to 55 ± 5°C), biaxial flexural strength was measured using "piston-on-three ball" test. The data (N) were analyzed using one-way ANOVA, Bonferroni, and Tukey's posthoc tests.
Ceramics are widely used in most fixed dental prostheses (FDP) because of their favorable optical properties, durability, and biocompatibility. Traditionally, ceramics have been used as veneering material on metallic frameworks that provide the required physical properties. Metals used in prosthetic dentistry are principally gold or palladium-based noble alloys and base alloys such as cobalt-chrome or chrome-nickel. Due to translucency and thereby better optical properties, the current trend is the use of metal-free all-ceramic systems, especially for anterior FDPs. Most all-ceramic framework options are heat-pressed or CAD/CAM processed, being mainly composed of lithium disilicate or zirconium dioxide. Feldspathic ceramics are still used as veneering material due to their high translucency similar to natural teeth. 2 The bonding between veneering ceramic and metal in porcelain-fused-to-metal FDPs is a consequence of the formation of an oxide layer, mechanical and compressive-rheological interlocking between both components; however, the ceramic-to-ceramic bond is mainly chemical because of the formation of new crystal phases between different ceramic frameworks and the veneering ceramic. Unfortunately, frameworkveneer bonding remains a clinical problem, particularly with zirconium dioxide, where the incidence of delamination or chipping has been reported to be up to 25% after 31 months. 1 The roughness of the veneering ceramic is considered one of the reasons for such failures. 1 Biomechanical properties and surfaces of materials can be affected by the aggressive oral milieu and the presence of saliva, acidic drinks, and plaque, which alter the surface roughness of ceramics over time. 2, 3 Rough ceramic surfaces could also occur as a result of technical procedures during the prosthetic workflow. Several factors may influence the final shape and dimensions of the FDP, such as impression materials, impression techniques, and laboratory procedures. Additionally, cement thickness may yield to premature contacts of the FDP that need to be removed using dental burs to achieve proper contact with the adjacent or antagonist teeth. Clinically, the grain size of the burs, pressure, speed, and duration dictate the final roughness of the veneering ceramic. Such intraoral alterations reduce the ceramic thickness, removing the glazed layer and revealing a rougher surface, which consequently decreases the fracture toughness of the restoration. 4, 5 Moreover, roughness of the ceramic surface increases the wear of the opposing restoration and/or tooth enamel [6] [7] [8] and promotes pigmentation of the ceramic. 3 When premature contacts are eliminated prior to cementation, the FDP could be autoglazed or overglazed in the dental laboratory. 2 However, once cemented, such adjustments need to be repolished intraorally. Several studies have shown that an adequate polished ceramic surface can be achieved clinically without the need for glazing in the dental laboratory. 9, 10 Other studies also reported that smoother surfaces could be obtained with chairside grinding and polishing similar to autoglazed surfaces. [11] [12] [13] Nevertheless, fracture toughness of the veneering ceramics could be affected by such procedures depending on the chemistry of the ceramic. [14] [15] [16] Several calculation methods have been proposed for the measurement of fracture toughness, and they have been assessed to determine their validity for ranking the durability of dental ceramics. 11, [17] [18] [19] [20] [21] The objectives of this study, therefore, were to compare the surface roughness and fracture toughness of framework-veneer ceramic assemblies after chairside grinding and polishing procedures versus laboratory glazing techniques. The null hypothesis tested was that polishing and glazing procedures would not affect the surface roughness and fracture toughness of different ceramics. Toughness assessment formulations would not change the ranking of ceramic systems tested.
Materials and methods

Specimen preparation
Disc-shaped specimens (diameter: 16 mm, thickness: 1.5 ± 1.6 mm) (N = 90) of various framework-veneering combinations were fabricated after processing wax patterns with dental casting investment except for the zirconium dioxide framework for which CAD/CAM processing was used. Specimens were divided into six groups, depending on the combination of materials (Table 1) : Group D/FC: Framework discs were made through lostwax casting and press technology using a low-fusing lithium disilicate glass-ceramic. A wax pattern was made (K2 exact; Bredent GmbH, Senden, Germany) and invested (IPS Press VEST; Ivoclar Vivadent, Schaan, Liechtenstein), and wax was eliminated in a preheating furnace (mod. 5522; KaVo, Biberach, Germany). Manufacturer´s instructions were strictly followed in terms of time and temperature during furnace operation (ProgramatEP 600; Ivoclar, Vivadent). After cooling for 60 minutes at room temperature, frameworks were veneered with the conventional feldspathic ceramic using the layering technique, where two layers of opaque and two layers of dentin ceramic were used and fired (Programat EP 500; Ivoclar, Vivadent). Finally, specimens were overglazed (IPS e.max Ceram Glaze; Ivoclar, Vivadent), and no mechanical polishing was performed.
Group Z/AL: Framework discs were obtained from presintered partially yttria stabilized zirconia blocks with CAD/CAM technology (Lava CNC 240; 3M ESPE, Seefeld, Germany). Then, highly aluminous feldspathic veneering ceramic was applied employing layering technique and overglazed (Lava; 3M ESPE) following manufacturer´s instructions. No mechanical polishing occured.
Group N/FC: Noble alloy framework discs were fabricated by lost-wax technique. After a wax pattern was made (Bego Dental GmbH, Bremen, Germany), investment and casting process was carried out (GC Vest Premium; GC, Tokyo, Japan) and finally wax was eliminated in the preheating furnace (KaVo mod. 5522). The alloy was heated to the melting point according to manufacturer´s recommendations for the casting procedures (Ducatro; Ugin Dentaire, Seyssins, France). Specimens were cleaned by airborne particle abrasion and placed in the furnace for oxidation (Programat 500). Then, veneering ceramic was applied by layering technique where two layers of opaque and two layers of dentin ceramic were used. Specimens were then overglazed with a pre-mixed syringe (Ivoclar Vivadent). No mechanical polishing occurred.
Group N/FF: The same procedures were followed as described for the N/FC group, but for veneering, feldspathic ceramic with fluorapatite was used where two layers of opaque and two layers of dentin ceramic were used. Specimens were then overglazed with a pre-mixed syringe (Ivoclar Vivadent). No mechanical polishing occured.
Group B/FC: Identical fabrication procedures were followed as for N/FC but regarding the manufacturer's specifications for the base alloy.
Group B/FF: Identical fabrication procedures were followed as for the B/FC group for the metal frameworks, and veneering was similar to as described for N/FF group.
Surface roughness analysis
The specimens were cleaned ultrasonically (BIOSONIC UC125 LCD; Coltene/Whaledent, Cuyahoga Falls, OH) in distilled water for 5 minutes and dried. Surface roughness was measured using contact profilometer (Perthometer M1; Mahr, Göttingen, Germany) where two roughness parameters, R a (average roughness value) and R z (average of five maximum peaks of roughness value), were registered in microns. These measurements were considered as baseline measurements. To rule out the weight loss associated with contact profilometry, specimens were weighed in a digital balance (PCB BSH 1000; KERN & SOHN GmbH, Balingen, Germany) before and after roughness measurements, and no weight loss was identified. Then, in each group, 10 specimens were subjected to manual grinding using a fine-grit, flame-shaped diamond bur (46 μm) (DZ92, Lot N°041105; Drendel+Zweiling, Berlin, Germany) at high speed (450,000 rpm) under water-cooling. One operator performed grinding using a new bur for each group and supporting the specimens on a horizontal surface for 30 seconds. Surface roughness was measured again considering R a and R z parameters. Thereafter, five specimens from each group were manually polished using silicone-diamond-reinforced (25 μm) disc-shaped polishers (OptraFine F; Ivoclar Vivadent) at low speed (135,000 rpm) under water-cooling. Again, one operator performed polishing using a new polisher for each group under the same conditions as measured for grinding and surface roughness. Subsequently, the specimens were thermocycled (pat. n°P201200882; Complutense University of Madrid, Spain) for 6000 cycles between 5 ± 5°C and 55 ± 5°C with a dwell time of 20 seconds in each bath and 3-second immersion in artificial saliva prior to mechanical tests.
Biaxial flexural strength analysis
Biaxial flexural strength was measured using "piston-on-three ball" test assembly (Autograph AG-X; Shimadzu, Kyoto, Japan) with the framework facing the piston (Fig 1) . First, fracture toughness values were recorded at the first peak on the stress-strain curve, also called chipping, second, at the complete veneer fracture (Fig 2) . Biaxial flexural strength was calculated according to Roark's 17 formula (a), Roark's 17 formula modified by Hsueh et al [18] [19] [20] [21] (b), and ISO 6782 for multilayered materials (c):
(2)
Pradíes 
= m ln σ c − m ln σ 0 P values < 0.05 were considered to be statistically significant in all tests. Two specimens (one of the Z/AL ground group and one of the N/FC ground group) were lost during biaxial flexural strength test due to handling error.
Results
The repeated measures ANOVA showed significant differences between the three surface treatments (F( 2,58 ) = 53.197; p < 0.0001). The surface roughness values (Ra) depending on the surface treatment were 1.9 ± 0.5 μm for the glazed, 3.5 ± 0.7 μm for the ground, and 1.7 ± 1.1 μm for the polished specimens (Table 2 ). Glazed and polished groups did not show significant difference (p > 0.01), being significantly lower than the ground specimens (Bonferroni test) (p < 0.0001). Differences between the combination of material groups with a two-factor ANOVA (framework-veneer materials) resulted in no statistically significant differences between framework materials (F (2,88) = 0.049; p = 0.826); however, statistically significant differences were found between veneer materials (F (2,88) = 13.58; p < 0.001), specifically between the conventional feldspathic veneer (FC) and feldspathic with fluorapatite (FF) with lowest Ra values for the latter (Tukey's).
The formulas cited above showed high degree of correlation according to Pearson coefficient and Spearman's Rho (p < 0.01). Mean fracture toughness were significantly lower for chipping (RK: 287, HS: 22, ISO: 1099 MPa) than for total fracture (RK: 841, HS: 64, ISO: 3222 MPa) after all toughness measurement formulas (p < 0.05) ( Table 3 ). For chipping, Weibull distribution presented the highest shape value (m) for D/FC (3.82-5.07) and for total fracture for B/FC (3.69-4.6) according to all toughness measurements (Table 4) .
Discussion
Clinical practice often requires the adjustment of ceramic surfaces before and/or after FDP cementation to establish adequate contacts with the adjacent/opposing structures. These modifications performed with rotary instruments produce rougher surfaces, promote plaque accumulation, 12, 22 decrease fracture toughness, 22, 23 and increase the wear of the opposing natural teeth as well as restorative surfaces. 12 Re-glazing the ground ceramic restorations may increase chairside time and is not always feasible, as some adjustments can only be made after cementation. Thus, it is essential to find out if it is possible to obtain smooth ceramic surfaces similar to glazed surfaces after clinical adjustments. Smooth surfaces would also prevent possible chipping or fracture of the veneering ceramic.
This study compared the surface roughness and biaxial flexural strength of framework-veneer ceramic assemblies after chairside grinding and polishing procedures versus laboratory glazing techniques. Based on the results obtained, surface roughness values were significantly lower in polished and glazed specimens compared to ground ones. Therefore, the first null hypothesis tested could be rejected. The bilayered ceramic systems after grinding and polishing, simulating the clinical workflow, showed significant differences of surface roughness between systems. Thus, the second null hypothesis could also be rejected.
The simulated chairside ceramic grinding with fine-grit, flame-shaped diamond bur resulted in a mean roughness value of 3.5 ± 0.72 μm, similar to previous studies, 2,7 being significantly higher than polished or glazed surfaces. When ceramic surfaces were polished using silicone-diamond-reinforced, disc-shaped polishers, surface roughness values were 1.67 ± 1.08 μm, comparable to those of the glazed ones (1.9 ± 0.45 μm). These results are less than those of other reports. 9, 10 In this study, only one polishing bur was used to polish the surfaces and no polishing paste was used, in order to reduce the number of steps and materials. Yet, the results were similar to those investigations where polishing kits were used that involved a sequence of discs or polishing pastes. 9, 10 Not only the surface coating of the burs but also the duration of the polishing dictates the roughness of the ceramic surface. In this study, this procedure was practiced for 30 seconds, which is less than other studies 2, 22 and longer than others. 12, 23 Prolonged polishing duration may also cause wear of the polishing instrument and decrease the polishing efficacy. Nevertheless, since polished or glazed groups presented the smoothest surfaces, mechanical tests were performed on glazed specimens.
The biaxial flexural strength results should be interpreted with caution. The data for ceramics provided by the manufacturers or ISO 6872 20 typically concern only monolayer ceramics, meaning that framework material is not considered. In fact, mechanical properties of the framework/veneer interface play an important role, particularly in the mechanical behavior of the veneer. Similarly, previous studies considered framework The same superscript lowercase letters in the same column and uppercase letters in the same row indicate no significant differences (p < 0.05). See Table 1 for group abbreviations. 18, 19 is not frequently used. Nonetheless, this formula seems to be the most appropriate for testing multilayer ceramics and due to the high correlation 21 observed with Roark's 17 and ISO 6872 20 formulae, was selected to analyze the results of this study.
ISO 6782 20 suggests biaxial flexural strength of 100 MPa as acceptable for dental ceramics; however, it seems most appropriate to use metal-ceramic restorations with fracture toughness between 400 and 600 MPa as reference material. 20 The results obtained with both base and noble alloys veneered with either feldspathic or fluoroapatite veneering ceramics exceeded the suggested values. On the contrary, lithium disilicate or zirconia frameworks veneered with feldspathic ceramic (D/FC and Z/AL, respectively) presented values below 400 MPa. The favorable results for the veneered metal framework groups could be explained on the grounds that bonding between metal-toceramic was more durable than in ceramic-to-ceramic due to the oxide layer. Correspondingly, the base alloy having the highest oxidation potential may explain the highest values of toughness for chipping in this group. Other inherent properties such as thermal conductivity, thermal expansion coefficient or wettability of the ceramic could have also influenced the results.
Although the presence of saliva has been simulated using artificial saliva in thermocycling, the lack of occlusal forces during the aging process could be considered as the limitation of this study. Thus, incidence of clinical failures after good documentation of the occlusal adjustments is important at this stage to verify the findings of this study. Also, new monolithic all-ceramic systems should be evaluated clinically as to whether their polishing capacity produces less wear in opposing teeth and such grinding and polishing procedures affects their mechanical durability.
Conclusions
From this study, the following could be concluded:
1. Surface roughness of veneering ceramics was the highest after grinding with fine-grit, flame-shaped diamond bur (46 μm) and the lowest after polishing with silicone, diamond-reinforced, disc-shaped polishers (25 μm), and glazing. 2. Feldspathic ceramic with fluorapatite presented better polishing results than conventional feldspathic ceramic. 3. Ceramic-fused-to-metal groups, and specifically with base alloy, were mechanically more resistant than lithium disilicate or zirconium dioxide framework-veneer assemblies. Lithium disilicate framework veneered with feldspathic ceramic was more resistant to chipping than the other bilayered systems with either metal or zirconia frameworks.
